Background {#Sec1}
==========

The size of the eye's pupil automatically determines the amount of light arriving to the retina \[[@CR1]-[@CR3]\], and this it plays an important role in the visual system. Pupil dynamics has been used as an indicator of optic nerve disease \[[@CR4]-[@CR6]\] and neurological injury \[[@CR7]-[@CR10]\], or to assess the circadian clock \[[@CR11]-[@CR13]\].

The pupillary light reflexe~~s~~ (PLR) characterizes the eye's response to the perceived brightness of a stimulus, and has been classified in two types: the direct and the consensual response. The difference between these two responses lies in the stimulus: when the pupil contracts because it is receiving light, this is called the direct response, whereas if it contracts because the opposite eye is receiving light, this is called the consensual response. In humans, these two responses are thought to be identical \[[@CR14],[@CR15]\], and any divergence between them is attributed to neurological pathology. Nevertheless, some studies have found that the amplitude of the consensual response is smaller than that of the direct one \[[@CR16],[@CR17]\], and that it is sex-dependent \[[@CR18]\].

The diameter of the pupil is regulated by two antagonistic muscles of the iris that are controlled through sympathetic and parasympathetic pathways \[[@CR19]\]. The latter controls the sphincter responsible for the contraction of the pupil (miosis), whereas the sympathetic pathway controls dilation (mydriasis). The PLR may be linked to activation of the Superior Colliculus, a midbrain area also involved in preliminary visual processing and the control of eye movements such as orienting responses and saccades \[[@CR20]-[@CR22]\]. Saccades are produced as part of the normal process of vision in as little as 120 ms \[[@CR23]\], or as a reaction to an unexpected stimulus. In this latter case, the response can be as fast as 90 ms, can lasts between 20--200 ms \[[@CR24]\] and can be assessed using eye trackers, which have the capacity to measure up to 1000 Hz \[[@CR25]\]. Analysis of saccades is directly related to tracking the line of sight, whereas assessment of the PLR basically involves recording pupil diameter and dynamics. Some parameters related to time characterization of the PLR in real eyes \[[@CR26]-[@CR29]\] include latency from the flash exposure to the start of contraction (T~1~), latency to smallest pupil size (T~2~) and latency to a plateau (T~3~). Usually, the start of contraction is defined as the time when the second time-derivative of radius evolution is at a minimum and T~3~, the end of the contraction process, is the instant after T~2~ when the second time-derivative peaks.

Pupillary measurement methods have varied from direct observation using rulers or circles, photographic techniques~~,~~ and electronic pupillographs \[[@CR30],[@CR31]\], to computerized pupillometry. In all cases, spatial and temporal resolutions are the most significant metrological parameters since they determine measurement precision.

Electronic pupillographs scan irises at a rate of 60 Hz, and have the capacity to detect pupillary responses of the order of 50 μm \[[@CR32]\]. Despite having high spatial resolution, they are at the limit of temporal resolution for accurately registering fast eye movements, which last in the order of tens of milliseconds. Meanwhile, using computerized pupillometry, Hachol et al. \[[@CR33]\] have attained linear spatial resolutions of up to 8 μm, but only recording at 90 Hz, which is also at the limit for accurately registering fast movements.

In addition, the use of eye trackers to assess the PLR has been reported in the literature. These devices are faster than classical pupillometry intruments; for example, the Eyelink II samples up to 500 Hz \[[@CR13],[@CR21]\], another tracker from SensoMotoric also samples at 500 Hz \[[@CR34]\] and the Eyelink 1000 reaches 1000 Hz \[[@CR25]\]. In all cases, sampling rates are sufficiently high to detect reflexes in the order of milliseconds. However, those devices track eye movements rather than variations in pupil size, and spatial resolution must also be taken into account. In this respect, the from SensoMotoric device has a resolution of 200 microns, and although the Eyelink 1000 and Eyelink II devices provide a nominal pupil size resolution of 0.2 % of the pupil diameter, the measurements are affected by up to 10% due to optical distortion of the cornea and camera-related factors \[[@CR35],[@CR36]\].

Consequently, none of the devices reported in literature fully meets the requirements for accurate measurement of pupillary dynamics in the order of tens of milliseconds. In principle, there should be no need to reach such a high temporal resolution since registered PLR latency is around 200 ms. However, if the PLR and saccades are related to activation of the Superior Colliculus, it is possible that an early response to light exists but has not yet been detected due to the limited resolution used to date. Therefore, it would be useful to develop a technique that attain such resolution.

Binocular registration of the PLR is required in clinical and research applications to assess direct and consensual pupil reactions. A binocular system has recently been proposed \[[@CR37]\] based on a single camera that alternately records images of the left and right eyes. With a sampling rate up to 75 Hz and a resolution of more than 20 μm, this is sufficient to assess the PLR but again falls below the requirements to accurately register the fastest eye reflexes. Recently, some of the authors of this manuscript used a high-speed camera and image processing to analyze the eye blinking process \[[@CR38],[@CR39]\] and fixational eye micromovements \[[@CR40]\]. The main advantages of those experimental setups are that they have the capacity to sample data up to 1000 Hz. Using the same camera model, we constructed a binocular video-oculography system using two high-speed cameras which simultaneously focused on both eyes. This system was employed to determine whether there was any small discrepancy between the direct and consensual responses, and if saccades and the PLR are related as postulated earlier -- to ascertain whether any other pupil reflex occurred below the 200 ms threshold.

The rest of the paper is structured as follows. First, in the method section, we describe the study participants, the experimental setup and the algorithm used in our work together with the subjects that participated in the study. Then, in the results section, we report the time parameters obtained for the PLR, which were similar to those described in previous studies, with no significant difference between direct and consensual reflexes. Nevertheless, our system, which yielded a resolution up to 15 microns and 500 Hz, revealed an upward eye movement that may correspond to Bell's phenomenon \[[@CR41],[@CR42]\] and an incomplete reflex blink \[[@CR43]\] at around 100 ms, as we explain in the discussion. Therefore, the system and method described below could be useful for further assessment of these reflexes.

Methods {#Sec2}
=======

Experimental setup {#Sec3}
------------------

Figure [1](#Fig1){ref-type="fig"} shows the experimental setup used in this work. It consisted of a halogen projector that provided uniform illumination over the subject's face (2170 ± 50 lux), a headrest with an opaque vertical screen that separated each eye's filed of vision, two flash units and two digital video cameras (X-PRI AOS Technologies AC) which were synchronized via a wired connection following the manufacturer's instructions. The cameras were positioned at a distance of 34 cm far from the headrest plane and acquired video sequences at a speed of 500 Hz and with a spatial resolution of 800 × 560px. Each camera focused on one of the subject's eyes and was connected to a different computer. Thus, the system was capable of recording the pupillary dynamics of each eye separately but simultaneously.Figure 1**Picture of the general experimental setup.** The image shows the arrangement of the elements used in the experiment.

The fixation point was a small red LED positioned 1.5 m from the plane of the headrest. Two flash units positioned at 34 cm from the same plane were used to elicit the PLR. Each of the flash units pointed at one eye and the screen prevented light passing the other side. When a flash was shot, illuminance reached a peak of 4100 ± 200 lux in the plane of the headrest.

One sequence of 4.20 seconds was registered for each of the subject's eyes. Approximately one second after we started recording, and without giving the subject prior warning, we shot one of the flash units so that it only illuminated one eye. Since the light of the flash saturated the camera sensor, it was easy to identify the frame from when the flash was shot when we subsequently processed the sequences, and this frame was used to set the time to zero. The experiment was performed with the flash units stimulating each eye separately. This enabled us to assess both the direct and consensual responses of each eye, obtaining four sequences per subject.

Measurements were separated by a time interval of at least 15 minutes, and only one flash per session was applied. Subjects did not know which flash (left or right) would be shot. The recorded sequences (direct and consensual responses) were first stored in each camera and then transferred to laptops, which lasted around 15 minutes, to be processed off-line. If the sequence was not transferred, it was overwritten by a new recording.

Pupil characterization {#Sec4}
----------------------

Recorded sequences were analyzed off-line using our own algorithm implemented in MATLAB in order to detect and track the changes in the pupil. In the first processing phase the pupil contour was determined in all frames. Starting with a gray scale image, Figure [2](#Fig2){ref-type="fig"}(a), we filtered it through pixel wise adaptive Wiener filtering \[[@CR44]\] to remove noise, using local 9-by-9 px neighborhoods to estimate the local image mean and standard deviation. Then, we manually selected a region of interest (ROI) that contained the pupil, as shown in Figure [2](#Fig2){ref-type="fig"}(b), in order to reduce the processing time.Figure 2**Image processing phases. a)** Original frame, **b)** Wiener-filtered region of interest, **c)** circle drawn after determining its center using the Circular Hough Transform.

Noncircularities of real pupils are in the order of 0.02 \[[@CR45]\], so we assumed a circular pupil. There are basically two ways of approaching pupil image processing reported in the literature; the Hough Transform \[[@CR46],[@CR47]\] and best ellipse fitting \[[@CR18],[@CR35]-[@CR37],[@CR48]\]. We used a Circular Hough Transform (CHT) \[[@CR49]\] based algorithm to detect circles in the images (Figure [2](#Fig2){ref-type="fig"}c), selecting this approach is used because of its robustness in the presence of noise, occlusion and varying illumination. The procedure consisted of two essential steps; first, high gradient foreground pixels were designated as being candidate pixels and were allowed to cast 'votes' in the accumulator array. The candidate pixels voted in a pattern around them that formed a full circle with a fixed radius. Thus, candidate pixels votes pertaining to an image circle tended to accumulate in the accumulator array bin corresponding to the circle's center. Then, circle centers were estimated by detecting the peaks in the accumulator array.

Sequence assessment {#Sec5}
-------------------

First, we validated our experiment using with an artificial eye with 5 mm diameter pupil in order to assess the existence of any artifact due to hardware or software. The captured sequence was then processed to obtain the pupil radius and center coordinates in each frame. Measurement accuracy was defined as three times the standard deviation of these data. The result obtained from this experiment was 15 microns for both radii and center coordinates. These results are shown in Figure [3](#Fig3){ref-type="fig"}. The crosses represent the computed center coordinates, *x* in blue and *y* in red, referenced to the left axes and the black dots represent the computed pupil radii referenced to the right axes. The flash shot was used to set time to zero.Figure 3**Test of the method robustness using an artificial eye.** Time variations for pupil center coordinates and radii obtained for an artificial eye. Pupil center coordinates *x* and *y* are blue and red crosses, respectively (left axes). Black dots represent pupil radius (right axes). Flash is shot at t = 0 s.

Subjects {#Sec6}
--------

We asked eight healthy subjects (4 women, 4 men, aged 24--45) from among the staff at the Optics Department of the University of Alicante to participate in this experiment. Subjects were instructed and trained to avoid blinking. The experiment was conducted with the approval of the ethics committee of the University of Alicante, and in accordance with the declaration of Helsinki. All participants were informed about the nature and purpose of the study and they provided written informed consent to publish case details. All data used in the study were made anonymous.

Results {#Sec7}
=======

We analyzed the temporal evolution of the pupil radius according to the time parameters described earlier (T~1~, T~2~ and T~3~), studying 8 subjects, 2 eyes per subject, and the direct and consensual responses of each eye. We shot the flash once at each eye and recorded both responses each time, thus obtaining a total of 32 different measurements, i.e. 32 recorded and processed sequences. Figure [4](#Fig4){ref-type="fig"}a) shows the temporal evolution of pupil radius relative to the radius at t = 0 s (when the flash was shot), computed for all the sequences. As can be seen, that for all sequences the pupil radius abruptly decreased at around 0.2 s in all sequences. Then, at around 0.6 s, it reached a minimum of the 70% or 80% of the initial value and, finally, it increases its value.Figure 4**Time variations in pupil radii. a)** Pupil radii relative to the radii at t = 0 s. **b)** Second time-derivative of the pupil radii evolution. Flash was shot at t = 0 s.

Once we had processed each sequence and obtained the radii, we removed noise from the data using a Savitzky-Golay \[[@CR50]\] filter and computed the second time-derivative. Figure [4](#Fig4){ref-type="fig"}b) shows values for the second time-derivative of the pupil radius for each measurement, where the color scale represents mm/s^2^. A band of minima clearly appears at around 0.2 seconds (T~1~), marking the start of the contraction.

Table [1](#Tab1){ref-type="table"} gives the average time parameters obtained for the PLR together with their standard deviation. Calculations were performed considering all eyes and distinguishing between direct and consensual reflexes. A comparison did not reveal any significant differences between them (p \> 0.05). These results are in accordance with those reported in previous studies \[[@CR26],[@CR28]\].Table 1**Time parameters describing the pupillary light reflexAllDirectConsensualp**-**value**T~1~ (s)0.199 ± 0.0310.203 ± 0.0210.195 ± 0.039\>0.05T~2~ (s)0.638 ± 0.0830.642 ± 0.0820.633 ± 0.086\>0.05T~3~ (s)1.562 ± 0.2341.609 ± 0.2151.516 ± 0.249\>0.05Mean and standard deviation of time parameters of the PLR obtained from the sequences. A comparison between direct and consensual reflexes revealed no significant differences.

The time parameters describing the PLR determined by Fotiou et al. \[[@CR26]\] are T~1~ = 0.17 ± 0.03 s, T~2~ = 0.64 ± 0.07 s and T~3~ = 1.86 ± 0.24 s; while those measured by Ferrari et al. \[[@CR28]\] are T~1~ = 0.20 ± 0.078 s, T~2~ = 0.90 ± 0.147 s and T~3~ = 1.63 ± 0.559 s. We found that the value we obtained for T~1~ was in agreement with these. However, the value we obtained for T~2~ was similar to \[[@CR26]\] but not to \[[@CR28]\] while our value for T~3~ did not coincide with either. These disagreements may be due to slightly different parameter definitions or experimental characteristics. In fact, as Fotiou et al. \[[@CR26]\] have stated, it is not possible to compare results between different studies because of differences in the systems used and the experimental conditions employed. First, the flash shot characteristics were different. Additionally, we measured under photopic conditions, so the initial pupil radius was smaller and this could have affected to the duration of the contraction.

As regards pupil center tracking, in Figure [5](#Fig5){ref-type="fig"}a) shows the detrended mean temporal evolution of the *y* coordinate (red line), while in Figure [5](#Fig5){ref-type="fig"}b) shows the same for the *x* coordinate, distinguishing between the right (green line) and left (black line) eye. Crosses mark the confidence bounds (± standard deviation). No distinction is made between direct and consensual sequences because we did not found any significant differences. Figure [5](#Fig5){ref-type="fig"}a) clearly depicts a vertical movement that corresponded to an upward displacement of the eye of around 0.2 mm at 0.1 s after the flash (t = 0 s). Nevertheless, as can be seen in Figure [5](#Fig5){ref-type="fig"}b), no such reflex is apparent on the horizontal coordinate.Figure 5**Pupil center tracking.** Detrended mean evolution~~s~~ in time of the pupil center: **a)** *y* coordinate and **b)** *x* coordinate, for the right (green) and left (black) eyes.

Discussion {#Sec8}
==========

One possible explanation for this upward movement could be an incomplete reflex blink. Reflex blinks occur only in response to trigeminal, visual and acoustic stimuli \[[@CR42]\]. The other two types of blinks are spontaneous ones, which occur in the absence of any evident stimulus, and voluntary ones, which are consciously willed by the subject. In these different types of blink, the eye movements accompany the eyelid movements and are probably due to the co-contraction of the superior and inferior rectus muscles \[[@CR51]\]. An upward movement of the eye globes when blinking or when threatened is known as Bell's phenomenon and is present in about 75% of the population \[[@CR43]\]. Therefore, the registered movement could correspond to this phenomenon although, like the blink, it was incomplete.

Additional file [1](#MOESM1){ref-type="media"} shows the evolution of the pupil over 0.5 seconds after the flash shot, for an example subject. It has been properly thresholded to enhance the pupil over the background and depicts the upward movement of the pupil and the shadow of the upper eyelid (incomplete blink) at around 0.1 seconds. In Figure [6](#Fig6){ref-type="fig"}, we have extracted two frames from Additional file [1](#MOESM1){ref-type="media"} to illustrate the upward eye movement that may be related to Bell's phenomenon, and the incomplete blink.Figure 6**Example of the upward pupil movement. a)** The first frame and **b)** the frame at 0.1 seconds after the flash shot, for one example pupil. The red line represents the initial position and the green dashed line represents the position at t = 0.1 s, clearly depicting the upward movement of the eye (Bell's phenomenon) and the shadow of the upper eyelid (incomplete blink).

The direction, magnitude and duration of Bell's phenomenon are still controversial. Furthermore, different results have been reported depending on the type of blink assessed (spontaneous, voluntary or reflex) \[[@CR52]\]. Francis and Loughead \[[@CR53]\] assessed Bell's phenomenon in 508 patients by elevating their upper eyelids and asking them to close their eyes. They classified movements of less than 4 mm as a small response. Note that our result shown in Figure [5](#Fig5){ref-type="fig"} a) is a mean upper movement of less than 1 mm, a difference that may be due to the fact that we were not assessing a voluntary blink but a reflex one and this was not complete.

The proposed system could be useful for further assessment of Bell's phenomenon, which helps in diagnosis and management of numerous systemic and ocular diseases (cerebral palsy, comatose patients, local orbital disease, etc.) and even reflects the maturation process of the brainstem and the extraocular muscles related to elevation \[[@CR54]\]. Note that the method described here is non-invasive and there is no need to use magnetic search coils or electromyography recordings. Few studies in the literature have reported on measuring Bell's phenomenon and, to the best of our knowledge, none of the methods described to date is non-invasive and performs the assessment simultaneously in both eyes.

Conclusions {#Sec9}
===========

We have analyzed and characterized the pupillary light reflex under photopic condition in accordance with previous studies in the literature. A comparison of direct and consensual responses did not reveal any significant differences (p \> 0.05). Although the PLR has been studied before, we thought that such a fast response should be accurately analyzed using high-speed imaging and the best possible spatial resolution. Working with a resolution of 4 ms and 15 microns, we have obtained evidence for the first time, to the best of our knowledge, of an incomplete blink reflex and Bell's phenomenon prior to the PLR, which happened at around 100 ms.

Additional file {#Sec10}
===============

Additional file 1:**The video shows the evolution of the pupil during over 0.5 seconds after the flash shot, for an example subject.** It has been properly thresholded to enhance the pupil over the background and depicts the upward movement of the pupil and the shadow of the upper eyelid (incomplete blink) at around 0.1 seconds.
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